To evaluate the effects of complement employing a mouse model for secondary cataract. Methods: The role of complement receptor C5a (CD88) was evaluated after cataract surgery in mice. An antagonist specific to C5a receptor was administered intraperitoneally to mice. Epithelial to mesenchymal transition (EMT) was evaluated by alpha-smooth muscle actin (α-SMA) staining and proliferation by bromodeoxyuridine (5-bromo-2'-deoxyuridine, BrdU) incorporation. Gene expression patterns was examined by microarray analysis and quantitative polymerase chain reaction (QPCR). Results: We found that administration of a C5aR antagonist in C57BL/6J mice decreases EMT, as evidenced by α-SMA expression, and cell proliferation. Gene expression by microarray analysis reveals discreet steps of gene regulation in the two major stages that of EMT and lens fiber differentiation in vivo. A hallmark of the microarray analysis is that the antagonist seems to be a novel stage-specific regulator of crystallin genes. At week two, which is marked by lens fiber differentiation genes encoding 12 crystallins and 3 lens-specific structural proteins were severely down-regulated. Conclusions: These results suggest a possible therapeutic role of an antagonist to C5aR in preventing secondary cataracts after surgery. Also these results suggest that crystallin gene expression can be regulated by pro-inflammatory events in the eye.
A major complication of cataract surgery is the formation of secondary cataracts [1] . After lens fiber removal, some lens epithelial cells do remain attached in the capsular bag that is left behind to hold in place the artificial lens. In many cases these lens epithelial cells proliferate and transdifferentiate to mesenchymal cells, thus clouding the artificial lens1. This complication requires costly laser treatment. In the past few years it was found that mice and rats are in fact good models for such studies [2] [3] [4] . After performing cataract surgery in mice (and rats) it was found that a substantial part of the lens is regenerated. However, early in this process epithelial to mesenchymal transition (EMT) does take place as well. Consequently, this system can be used to study EMT because of the vast genetic resources existing for these animals. In our previous studies we found, by microarray analysis, that several members of the complement system are upregulated during the early steps of lens regeneration, which is also characterized by EMT [5] . Also been linked with EMT of renal proximal tubular epithelial cells leading to renal fibrosis [6] . We have reasoned that inhibiting the function of such molecules might impede EMT. As a first step we have decided to analyze the effect of complement component 5 (C5) in this system.
Our results clearly show that an antagonist of C5a receptor delays proliferation and EMT significantly both in vivo and in vitro. Examination of global gene expression is consistent with the effects of the antagonist on the cellular events taking place during lens regeneration. In particular it is shown that this antagonist might be a novel stage-specific regulator of crystallin synthesis.
METHODS

Cataract surgery and C5aR antagonist administration:
C57BL/6J mice (eight weeks old, female purchased from Jackson laboratory, Bar Harbor, ME) were anesthetized with either intraperitoneal or subcutaneous injection of Ketamine (95 mg/kg; Sigma-Aldrich, St. Louis, MO) and Xylazine (14.3 mg/kg; Sigma-Aldrich). Mice were also subcutaneously given the analgesic Buprenorphine (1 mg/kg; Sigma-Aldrich) preemptively. After corneal incision anterior capsulerectomy was performed. The lens core and fiber cells were broken by forceps and removed from the lens capsule gently. The capsule was washed with 1× PBS containing Mg 2+ and Ca 2+ to remove fiber cells. A specific antagonist of C5a receptor (PMX53), cyclic hexapeptide Ac-Phe-[Orn-Pro-dCha-TrpArg], was used [7] . Following surgery, mice were injected with the peptide (1 mg/kg bodyweight, in PBS) into the abdominal cavity every 2 days. Control mice were injected with Ac-Phe-[Orn-Pro-dCha-Ala-dArg] at the same concentration, also intraperitoneally. Control and experimental peptides were not injected in the eyes. Samples were taken 1, 2, or 3 weeks post-surgery and examined histologically or processed for microarray analysis. The authors confirm adherence to the ARVO statement for the use of animals in ophthalmic & vision research.
Evaluation of EMT and cell proliferation: Eyeballs were collected and fixed in 4% Paraformaldehyde (Acros Organics, Morris Plains, NJ) overnight, at 4 °C, and processed for paraffin embedding. Sections of 15 μm were stained with hematoxylin and eosin (HE) or processed for immunohistochemical staining with mouse alpha-smooth muscle actin Ab (alpha-SMA Ab; 1/500 dilution; SigmaAldrich), O/N at 4 °C. This step was followed by addition of secondary FITC or Cy3 conjugated anti-mouse IgG (1/100 dilution) for 90 min at room temperature. 5-Bromo-2'-deoxyuridine (BrdU; #B5002; SIGMA) was administered to mice 1 day before collecting eyes by i.p. injection, at 500 mg/ kg bodyweight. Sections were treated with 3N HCl for 10 min at room temperature before blocking and 1st antibody application (mouse anti-BrdU, #MAB3510, 1/100 dilution; Millipore, Billerica, MA). Pictures of immunohistochemistry were taken using a microscope (BX51; Olympus, Tokyo, Japan) with a CCD camera (Cool SNAP cf2; Photometrics, Tucson, AZ) and imaging software (Metamorph; Molecular Devices, Eugene, OR). For statistical analysis we used the Student's t-test.
Microarray analysis: Microarray hybridization and analysis were performed as described in Medvedovic et al. [5] . Eyes were collected 1, 2, and 3 weeks after surgery and stored in RNAlater (Ambion, Austin, TX) at −70 °C. Mice were injected with C5aR antagonist or control peptide every 2 days i.p. Experimental (C5) and control mRNAs were labeled with Cy3 or Cy5 fluorescent dyes using the Agilent Low RNA Input Fluorescent Linear Amplification Kit (Agilent, Santa Clara, CA). Two-color samples were prepared and hybridized using Agilent's Multi-Pack Gene Expression Microarray platform according to Agilent instructions and using Agilent reagents. The design consisted of 60-mer oligonucleotide probes arrayed in four 44 K individual microarrays printed on a single glass slide, each covering the whole genome of the mouse (catalog number G4122F, design ID 014868; Ambion, Austin, TX). Each microarray is composed of approximately 41,000 unique biologic features and several hundred positive and negative controls. Each biologic sample was run in quadruplicate with a dye-flip design, scanned with an Agilent Microarray Scanner System and further processed with the Agilent Feature Extraction Software.
The Limma Bioconductor package was used to identify differentially expressed genes. Data preprocessing was performed by subtracting background from signal intensities and separately normalizing each of the arrays with the loess method [8] [9] [10] . Differential expression was assessed by means of the linear models and empirical Bayes method proposed by Smith et al. [11] . The KEGG spider web-based tool was used to identify enriched Gene Ontology (GO) categories in the lists of differentially expressed genes [12] . The R language and environment for statistical computing [13] was used to manipulate and graph data.
In vitro culture of lens capsular bags: Culture of adult mouse lens capsular bags was performed as described previously with some modifications [14] . Lenses were removed from adult mice eye by dissection. They were then treated with 0.25% Tripsin/EDTA for 5min at room temperature and rinsed with culture medium, 10% FBS/DMEM including Penicillin/Streptomycin. Then an incision was made in the anterior lens capsule, from which the lens fibers cell mass was removed by forceps. The capsular bags were pinned on a 3 cm cell culture dish (#430165; Corning Lowell, MA) with 6 to 8 entomological pins (D1; Watkins and Doncaster, Kent, UK) and incubated with medium for 30 min at 37 °C. Following that capsules were photographed using a microscope (TS100; Nikon, Tokyo, Japan) with a CCD camera (Cool SNAP cf2; Photometrics, Tucson, AZ) and imaging software (Metamorph; Molecular Devices, Eugene, OR). This was our day 0 samples. We then treated the cultured capsular bags with either the C5aR antagonist or control peptide (final 1 μg/ml) and incubated them at 37 °C in a 5% CO2 environment. We followed the cultures and recorded progression of cell proliferation migration and EMT at 1, 2, and 3days after initiation of the treatment. To examine proliferation BrdU (final 50 μg /ml) was added for 3 h before fixation.
Quantitative PCR: Regenerated lenses were collected using a mouth pipette. RNA was purified using Nucleospin (Macherey-Nagel, Bethlehem, PA). Room temperature (RT) reaction was performed with a first-strand cDNA synthesis kit (Amersham Bioscience, Piscataway, NJ) using an oligo(dT) primer. qPCR was performed using a iQ SYBR green supermix (Bio-Rad, Hercules, CA) and the following primers: To quantitate the expression of each gene, Ct values were compared to a standard curve generated using a series of dilutions of cloned cDNAs. Specific PCR amplifications were confirmed by melting curve analysis and by sequencing. crystallin alpha A (CryaA) F: 5′-GAG ATT CAC GGC AAA CAC AAC-3′, R: 5′-CAT TGG AAG GCA GAC GGT AG-3′; crystallin alpha B (CryaB) F: 5′-ACT CAA AGT CAA GGT TCT GGG-3′, R: 5′-GGG ATG AAG TGA TGG TGA GAG-3′; crystallin beta B2 (CrybB2) F: 5′-CCA TTC CCA CGA GCT CAG-3′, R: 5′-TCG CCC TTT TCA AAC ACA AAC-3′; glyceraldehyde-3-phosphate dehydrogenase (GAPDH) F: 5′-GCC TCG TCT CAT AGA CAA GAT G-3′, R: 5′-CAG TAG ACT CCA CGA CAT AC-3′.
RESULTS AND DISCUSSION
After removal of the lens fibers, regeneration of the lens was followed for three weeks. As it has been reported before during this period of time epithelial cells transit to mesenchymal cells and also differentiate to lens fiber cells as well [4] . In fact it was found that by week 1 after the operation there was quite extensive EMT, which was later subsided as lens fibers were differentiated. In other words we have two critical stages, one during the first week marked by upregulation of extracellular matrix and EMT and the other (week 2 and 3) marked by upregulation of lens structural proteins and lens differentiation. We examined samples at week 1, 2, and 3 after the operation. Samples were stained with alpha-SMA to detect EMT in both controls and C5aR antagonist-treated animals. The results are shown in Figure 1 . Immunohistochemistry showed a marked decrease of EMT in C5aR antagonist treated mice. Alpha-SMA positive cells were less and remain as a monolayer in the treated animals, while in the untreated ones the positive cells are multilayered. To better quantitate the results of Figure 1 we measured the area of alpha-SMA stained regions in the sections. We were able to show that at week 1 time point there was a clear and statistically significant difference in the number of EMT positive cells, obviously affected by the treatment with the C5aR antagonist ( Figure 2A ). Likewise we observed same kind of difference in the proliferating cells as indicated by the incorporation of BrdU. It is clear from these results that C5aR is important for the early stages of the regeneration process, which is dominated by EMT and that its inhibition brings the levels of EMT to levels observed at later stages, 2 and 3 weeks post-operation.
To better examine this effect of C5aR antagonist we performed an in vitro experiment where capsular bags were cultured. It has been show before that isolation and culture of lens capsular bags is a great model to study migration, proliferation and EMT [1] . Capsular bags were cultured for three days in the presence or absence of the C5aR antagonist. Migration was observed and we found that it was inhibited in the C5aR antagonist-treated cultures. This can be easily seen in Figure 3A -D (control) and Figure 3F -I (C5 antagonisttreated). EMT was also significantly inhibited as can be seen in Figure 3E (control) and Figure 3J (experimental). Note that proliferation was also significantly affected in the treated capsular bags ( Figure 3K ). It should be noted here that after day 1 (and especially in control cultures) cells form multilayers obscuring correct evaluation of proliferation (thus we present the effects on proliferation only at day 1.
So far our results show conclusively that C5 antagonist treatment leads to reduced proliferation and EMT of the lens epithelial cells attached to the capsule. Our purpose for this was to assess possible therapeutic value of the treatment.
In a previous study [5] we had analyzed in details gene expression patterns in control mice undergoing lens regeneration after cataract surgery and compared them with the intact lens. As in the present study, regenerating lens had been isolated, RNA was extracted and gene expression patterns were compared at week 1, 2, and 3. It was striking from that analysis that week 1 lens was dominated by upregulation in extracellular factors as well as complement components (that is why we also selected to study the complement system in more details in the present study). Also at week 1 and 2 there was a significant down-regulation of crystallins. However, after that period and especially at week-3 genes that encode for the structural constituents of the lens fibers were significantly upregulated to the levels of intact lens. That study confirmed that during the lens regeneration event we had an early stage with domination of EMT and later stages of lens fiber differentiation and lens regeneration. An interesting paper using the same mouse model for cataract surgery has shown that the operation induces proinflammatory gene expression in retina. Among the regulated genes are members of the complement system [15] . It is obvious then that the effects of the operation could affect gene expression in other tissues of the eye. Likewise, the effects of the C5aR antagonist could also be mediated by inflammationrelated factors. C5 has been implicated in many different cellular events by controlling proliferation, as during liver regeneration [16, 17] . We were therefore interested to examine gene expression in the control and C5aR antagonist-treated animals. After operation and treatment we collected eyes at week 1, 2, and 3, isolated RNA and used it as probes for microarray analysis. The microarray experiment was planned to compare the control with the C5aR antagonist-treated mice at the different time points (control week 1 versus C5aR antagonist week 1, and so on). This experiment does not compare week 1 expression with week 2 or week 3.We then listed the genes that were differentially regulated due to the treatment. The results were quite interesting and consistent with the events that we have observed so far. The results are shown in Figure 4 and the different groups in the pies are the groups that are regulated because the C5aR-antagonist treatment. A hallmark in the regulated genes was down regulation of crystallin genes. At week 1 there was downregulation of γD-crystallin and βB1-crystallin genes only. However, week 2 was marked by widespread down-regulation of several crystallin genes (Table 1) . Apart crystallin genes, there was consistent regulation of genes depending on the events that take place. At week 1 and week 2 we observed that among the down regulated genes there were ones involved in cytoskeleton, fibrogenesis, myogenesis, and extracellular matrix while genes involved in inflammation, such as ones in interferon regulation and interleukin 1 beta were among the upregulated ones (Table 2,Table 3,Table 4 , Table 5 , and Appendix 1). Interestingly, there were only very few upregulated genes in the treated eyes at week 2. Finally by week 3 most of the regulation occurred in components of visual perception and immune response. Interestingly among the upregulated ones were aquaporin 5, important for lens transparency as well as cytoskeletal protein-encoding genes (Table 6,Table 7 , and Appendix 1). In Table 2,Table 3,Table  4,Table 5,Table 6, and Table 7 only the top 25 regulated genes are shown and some genes of interest are highlighted in red (full list in Appendix 1). In Figure 4 the regulated gene groups are presented as parts of a pie. It is evident from the expression studies that gene regulation due to C5aR inhibition does follow a stage-specific pattern. First there is regulation of factors that are involved in extracellular matrix (important for cell migration) and proliferation and then there is regulation of lens fiber-specific genes. Our previous studies on gene expression during lens regeneration [5] had indicated that crystallin expression levels at week 3 after surgery were very similar to un-operated intact lens. So obviously, in our system, the most critical stage for lens fiber differentiation is week 2. And this is the time that we see most down-regulation of crystallin genes due to C5aR inhibition. To verify these results we also performed QPCR analysis using primers specific for CryaB,CrybB2, and CryaA. The results clearly showed that all these three genes were indeed down-regulated by the C5aR antagonist treatment ( Figure 5 ). This interesting finding suggests a novel role of C5aR antagonist in stage-specific crystallin gene regulation. Collectively, our data indicate a novel role of C5aR antagonist in secondary cataract formation by negatively affecting both EMT and lens fiber differentiation of the remaining lens epithelia cells in the Upper pie: regulated genes at week 1 after operation. Note that most regulated genes due to the C5aR antagonist treatment are related to extracellular matrix most likely indicating active migration. Middle pie: regulated genes at week 2 after operation. Note that the largest group is the one containing structural constituents of eye lens, indicating regulation of crystallin genes (see also capsule and imply that regulation of the complement components might be therapeutically beneficial after cataract surgery. The mechanism, however, is elusive. Normally, the results should be attributed to C5aR-mediated signaling, but we were unable to confirm our results in experiments where we used capsular bags from C5aR −/− mice, nor we observed expression of C5aR in the lens capsules (even though C5 was present; unpublished information). One explanation could be that this peptide does bind to other receptors, such as Masrelated G-protein coupled receptor member X2 (MrgX2) or orphan receptor MrgX3 [18] . Alternatively, at least in vivo the results could be explained by PMX53 mediated signaling in other eye tissues and action to the lens by effector genes or by mediation of inflammation-related factors. Future studies toward that direction will elucidate these issues.
